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E-mail address: anosipov@yahoo.com (A. Osipov).We attempted to evaluate the afﬁnity of the anionic phospholipids to cytochrome c by means of sur-
face plasmon resonance (SPR) technique and to correlate it with the cytochrome c active site alter-
ations and peroxidase activity. Our experiments showed a strong interdependence between the
phospholipid fatty acid saturation degree, the active site structure alterations and peroxidase
activity of the cytochrome c phospholipid complex. Cytochrome c peroxidase activity and Trp59 ﬂuo-
rescence increase in the sequence of phosphatidyl choline (PC)? phosphatidylserine (PS)? cardio-
lipin (CL)? phosphatidic acid (PA). The association constant (Ka) increased in the sequence
PC? PA? PS? CL. The SPR spectroscopy data shows that Ka is independent of lipid saturation
degree, but correlates with phospholipid negative charge value.
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Interaction of phospholipids with cytochrome c is a crucial step
in apoptosis development, resulting in acquiring by cytochrome c a
peroxidase activity [1,2]. This activity varies depending on the type
of lipid and is due to the rearrangements in the protein active site
[3]. The main event in cytochrome c transformation into a peroxi-
dase is the cleavage of the heme iron-Met80 bond that facilitates
the access of hydrogen peroxide to heme and its oxidation to Com-
pound I [4–7].
Recently, it was shown that high ionic strength media can inhi-
bit the transformation of the cytochrome c into a peroxidase [7].
This observation proves that electrostatic interaction of lipid and
cytochrome c is of primary importance to this process. The main
goal of the present paper was to clarify the mechanism of anionic
phospholipid–cytochrome c interaction and evaluate the dissocia-chemical Societies. Published by E
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tidylserine; DSPS, distearoyl
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ipin; PA, phosphatidic acid;
hosphatidic acid, Ka, associ-tion constants of these complexes. Relationship of phospholipid–
cytochrome c afﬁnity and rearrangement of the protein active site
and its peroxidase activity was the second goal of the present
study. To evaluate the dissociation constants of the phospho-
lipid–cytochrome c complex we used the SPR technique [8–10].
To study the transformations of the cytochrome c active site we
have applied the ﬂuorescent assay of Trp59. The peroxidase activ-
ity of the phospholipid–cytochrome c complex was estimated by
means of luminol-dependent chemiluminescent assay.2. Materials and methods
2.1. Materials
2.1.1. Reagents
The following substances were used in this study: horse heart
cytochrome c (Cat. No. C7752 Sigma, USA); sodium dodecyl sulfate
(Cat. No. L6026 Sigma, USA); phospholipids: palmitoylstearoyl
phosphatidylcholine (PSPC, Cat. No. 850456P), distearoyl phospha-
tidylserin (DSPS, Cat. No. 840029P), dioleoyl phosphatidylserin
(DOPS, Cat. No. 840035P), distearoyl phosphatidic acid (DSPA,
Cat. No. 830865P), dioleoyl phosphatidic acid (DOPA, Cat. No.
840875P), tetramyristoyl cardiolipin (TMCL, Cat. No. 750332P),
tetraoleoyl cardiolipin (TOCL, Cat. No. 710335P) – all from Avanti
Polar Lipids, USA.lsevier B.V. All rights reserved.
Fig. 1. Immobilization of TOCL liposomes for the generation of a lipid layer on a
lipophilic biosensor L1 chip surface. Arrows indicate injections: 1 – 2.5 mM TOCL;
2 – PBS (pH 7.4; 2.7 mM KCl, 137 mM NaCl, 10 mM phosphate buffer); 3 – 10 mM
NaOH; 4 – 1 mg/ml BSA. Ordinate – the intensity of the plasmon resonance signal
(relative units). After lipid immobilization was completed cytochrome c solution
was introduced to the ﬂow to measure the association constants.
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To prepare the liposomes phospholipid was dissolved in Folch
reagent (chloroform/methanol/water, 2:1:0.5, v/v) and mixed with
equimolar amount of PSPC. Solvents were removed by argon bub-
bling for 10 min. Than, phosphate buffer pH 7.4 (10 mM or
150 mM) was added into the sample tubes and hardly stirred to
get the crude lipid suspension. Than, these suspensions were son-
icated by ultrasonic homogenizer SONOPULS HD 2200 (Bandelin,
Germany) (20 s with 10% pulsation) and than homogenized by
LipoFast extruder with 0.1 lm membrane ﬁlter (Avestin, Canada)
to form slightly opalescent ﬁne liposome suspension [11]. The ﬁnal
phospholipid concentration in the sample was 2.5 mM. Fresh lipo-
somes were immediately used for injection into the biosensor.
2.2. Methods
2.2.1. Luminol-enhanced chemiluminescence
The intensity of cytochrome c peroxidase activity was measured
by means of luminescence assay on KhLM-3 chemiluminometer
(Bikap, Russia). Phospholipids with various characteristic groups
and saturated and unsaturated fatty acid residues (TMCL, TOCL,
DSPA, DOPA, DSPS, DOPS, PSPC and surfactant SDS) were used in
our study. Hydrogen peroxide (0.1 mM) and luminol (0.5 mM)
were used as substrates of peroxidase reaction. All solutions were
prepared using phosphate buffer 10 mM, pH 7.4.
2.2.2. Fluorescence of cytochrome c Trp59
The ﬂuorescence of cytochrome c Trp59 was measured by
means of Hitachi-4000 spectroﬂuorimeter (Hitachi, Japan). In our
experiments the same set of phospholipids as in chemiluminescent
assay was used (TMCL, TOCL, DSPA, DOPA, DSPS, DOPS, PSPC
and surfactant SDS). Trp59 ﬂuorescence was measured at
kex – 279 nm and kem – 335 nm. All solutions were prepared using
phosphate buffer 10 mM, pH 7.4. To take into account the effect of
scattering the ﬂuorescence intensity was calculated as a difference
of 335 nm and 300 nm signal.
2.2.3. Surface plasmon resonance
The anionic phospholipid–cytochrome c afﬁnity was measured
with Biacore 3000 instrument (Biacore, Sweden). All experiments
were made with lipid biosensor chips L1 (Biacore). Biosensor chips
used in experiment were processed before the phospholipid immo-
bilization: at ﬁrst they were subjected to repeated washing with
CHAPS (20 mM) (10 ll/min for 5 min) and than with 30% ethanol
washing (5 ll/min for 3 min). In our experiments, the biosensor
chip channel #4 always contained PSPC and was used as a refer-
ence channel, the channels #2 and #3 contained various phospho-
lipids (such as phosphatidylserine (PS), phosphatidic acid (PA) and
cardiolipin (CL)). All lipids were immobilized by injection of lipo-
some suspension with 10 ll/min ﬂow rate for 30 min. After the
liposome injection the 10 mM NaOH solution was introduced for
1 min at a 10 ll/min ﬂow rate to remove loosely bound structures,
form lipid layer and stabilize the baseline. At the end of phospho-
lipid immobilization procedure the BSA (1 mg/ml) was added to
the analyte (10 ll/min ﬂow rate for 20 min) to seal the gaps in
the phospholipid layer on the chip channel surface to prevent non-
speciﬁc binding. After the BSA injection the solution of NaOH
(10 mM) was introduced twice for 1 min at 10 ll/min ﬂow rate
for ﬁnal stabilization of the baseline. The immobilization of anionic
phospholipids on the negatively charged biosensor chip surface at
low ionic strength was practically impossible. To solve this prob-
lem, NaCl (0.5 mM) was added to phospholipids before the immo-
bilization. Finally, after the phospholipid immobilization was
completed, the cytochrome c titration was performed. The cyto-
chrome c injection was done with 5 ll/min ﬂow rate and 6 min
duration. After each experiment all channels of optical chip werewashed by 10 mM NaOH (10 ll/min for 2 min) to remove the cyto-
chrome c traces.
Data analysis was done by applying the BIAevaluation v.4.1
software (Biacore AG). Apparent association constant (Ka) was cal-
culated from dependence of equilibrium biosensor signal (Req) on
cytochrome c concentration by nonlinear ﬁtting of the primary
sensograms data using the equation:
Req ¼ KACRmax=ð1þ KACÞ; ð1Þ
where Req is the equilibrium biosensor signal at given concentration
of cytochrome c (values of Req were obtained from primary senso-
grams), Rmax the maximal value of biosensor signal Req for the given
quantity of immobilized phospholipids (the capacity of given
phospholipid-modiﬁed chip surface), C the concentration of cyto-
chrome c in solution, KA the apparent association constant (recipro-
cal to apparent KD, KA = 1/KD). Lines in Fig. 3 are approximation
curves generated by BIAevaluation software using Eq. (1) and
experimental data obtained.3. Results
3.1. SPR investigation of cytochrome c–anionic phospholipid
dissociation constants
3.1.1. Titration by cytochrome c
To study the association of cytochrome cwith anionic phospho-
lipids we attached the lipid on the biosensor chip and let the cyto-
chrome c to move along the lipid layer. The procedure of
tetraoleoyl cardiolipin (TOCL) immobilization on the surface of
optical chip L1 is presented in the Fig. 1. The phospholipid associ-
ation kinetics reaches its saturation within 30 min. Replacement of
the lipid-containing analyte with buffer solution resulted in the de-
crease of the signal value due to the removal of loosely attached
phospholipids. To seal the gaps not containing phospholipids on
the biochip surface a BSA solution was used.
The afﬁnity of cytochrome c to the biochip attached phospho-
lipid was evaluated by making the cytochrome cmolecules to ﬂoat
over the phospholipid layer. In the Fig. 2 the sensogram of various
cytochrome c concentrations (10–300 lM) is presented. It can be
seen that the higher the cytochrome c concentration the more
cytochrome c is binded to the TOCL attached to the biochip. These
experiments were carried out to estimate the equilibrium afﬁnity
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Fig. 3. Effect of cytochrome c on the SPR signal intensity (Req) in various
phospholipids. Each point represents the difference of cytochrome c association
(Req) between the reference channel (PSPC) and sample channels (TMCL (4); TOCL
(N); DSPS (s); DOPS (d); DSPA (h); DOPA (j)). Cyt c (10 lM) in phosphate buffer
was used.
Fig. 4. Effect of high (150 mM) and low (10 mM) ionic strength on the SPR signal
intensity (Req) of TOCL in phosphate buffer. Sample contained TOCL and PSPC































Fig. 5. Fluorescence spectra of cytochrome c Trp59 in the presence of unsaturated
phospholipids: 1 – TOCL (250 lM) + PSPC (250 lM) + Cyt c (10 lM); 2 – DOPA
(250 lM) + PSPC (250 lM) + Cyt c (10 lM); 3 – TMCL (250 lM) + PSPC (250 lM) +
Cyt c (10 lM); 4 – DOPS (250 lM) + PSPC (250 lM) + Cyt c (10 lM); 5 – DSPA
(250 lM) + PSPC (250 lM) + Cyt c (10 lM); 6 – DSPS (250 lM) + PSPC (250 lM) +
Cyt c (10 lM); 7 – PSPC (500 lM) + Cyt c (10 lM); 8 – Cyt c (10 lM). All samples
contained phosphate buffer pH 7.4 (10 mM). kex = 279 nm, kem = 335 nm.
Fig. 6. The Tyr-59 ﬂuorescence (black columns) was estimated as integral
ﬂuorescence for 240 s. TOCL; DOPS; DOPA or SDS were used in concentration
0.25 mM. Cytochrome c was used in concentration of 10 lM. The lipid/protein ratio
was 25. Gray columns denote the peroxidase activity of cytochrome c in the
presence of phospholipids. The same concentrations of cytochrome c and phos-
pholipids were used for these experiments. Luminol – 500 lM and H2O2 – 100 lM
were used in experiments. The cytochrome c without any lipid was used as a
control. The sample of TOCL was used as 100% standard.
Fig. 2. Sensorgrams of cytochrome c binding to TOCL. Representative sensograms of
L1 immobilized TOCL titration by increasing concentrations of cytochrome c. The
speciﬁc binding proﬁles of the cytochrome c to the immobilized TOCL were
obtained after subtracting the control ﬂow cell with immobilized PSPC signal from
the TOCL response signal.
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TMCL, DOPS, DSPS, DOPA, DSPA, DOPC and PSPC.
To calculate the Ka of the cytochrome c-phospholipid complex
we used the Req and Rmax values of each cytochrome c-phospho-
lipid couple (see Fig. 3).
The Ka values for all phospholipid–cytochrome c complexes
were calculated using the Eq. (1):KaðCytC-DSPSÞ ¼ ð6:31 1:51Þ  103 M1;
KaðCytC-DOPSÞ ¼ ð5:63 1:35Þ  103 M1;
KaðCytC-DSPAÞ ¼ ð2:16 0:60Þ  103 M1;
KaðCytC-DOPAÞ ¼ ð2:22 0:53Þ  103 M1;
KaðCytC-TMCLÞ ¼ ð2:15 0:62Þ  104 M1;
KaðCytC-TOCLÞ ¼ ð9:78 2:35Þ  103 M1
It is seen that the Ka values increase in a sequence DSPA?
DOPA? DOPS? DSPS? TOCL? TMCL. All Ka values of the cyto-
chrome c complexes studied are located in the region from
2  103 to 2  104. It can be concluded that the Ka values of these
cytochrome c-phospholipid complexes vary depending on the
characteristic group of the phospholipid rather than on the satura-
tion degree of the fatty acid residue.
3.1.2. Effects of ionic strength
Fig. 4 shows that Req values depend on the ionic strength of the
medium. It can be found that for all cytochrome c concentrations
used the Ka values at high ionic strength were manifold less than
those at low ionic strength. For instance, the Ka value for TOCL at
100 G. Stepanov et al. / FEBS Letters 583 (2009) 97–100high ionic strength (150 mM) were – (9.78 ± 2.35)  103 M1 and
for low ionic strength (10 mM) were (5.25 ± 1.15)  105 M1. The
explanation of this fact may be that cytochrome c–phospholipid
interaction is mainly a result of electrostatic interaction between
the phospholipid characteristic group and a protein.
3.2. Studies of active site alterations and peroxidase activity
3.2.1. Trp59 displacement as evidenced by ﬂuorescence
The rearrangements of the cytochrome c active site induced by
anionic phospholipid interaction involve the displacement of the
Trp59 amino acid residue and concomitant change in ﬂuorescence
intensity. We’ve measured the ﬂuorescence of Trp59 in cyto-
chrome c–phospholipid complexes and compared it with the Ka
values obtained from the SPR assay. It was found that all the cyto-
chrome c–phospholipid complexes with saturated fatty acid resi-
dues under the study gave almost no effect on the Trp59
ﬂuorescence. In contrast, the cytochrome c–phospholipid com-
plexes with unsaturated fatty acid residues showed a dramatic in-
crease in the ﬂuorescence intensity as compared to that of
cytochrome c in the absence of phospholipids (Fig. 5). The cyto-
chrome c Trp59 ﬂuorescence growth increased in the row
DOPS? DOPA? TOCL. These experimental results are presented
in the Fig. 5.
3.2.2. Peroxidase activity modulation by phospholipids
Rearrangements in the cytochrome c active site induced by
phospholipids may affect not only cytochrome c Trp59 ﬂuores-
cence, but also the peroxidase activity of the complex. Notably,
the interaction of cytochrome cwith saturated phospholipids prac-
tically does not affect the peroxidase activity of the complex (data
not shown). On the other hand, the interaction of cytochrome c
with phospholipids with unsaturated fatty acid residues showed
the signiﬁcant increase in peroxidase activity (Fig. 6). It can be seen
that peroxidase activity grows in a sequence DOPS? TOCL?
DOPA.
4. Discussion
It is known that apoptotic reactions can be induced by the inter-
action of anionic phospholipids with cytochrome c, which initiates
its active site rearrangements resulted in the increasing of peroxi-
dase activity. The question to be answered is if there is a correla-
tion between cytochrome c-phospholipid afﬁnity (evaluated as
Ka) and phospholipid ability to modify the cytochrome c active site.
In our experiments we have measured the Ka value surface plas-
mon resonance (SPR), the Trp59 ﬂuorescence and the peroxidase
activity (chemiluminescent assay) of the cytochrome c–phospho-
lipid complexes. In these complexes we varied the phospholipid
characteristic group phosphatidylcholine (PC), PS, PA and CL and
the saturation degree of the phospholipid fatty acid residue (stea-
ric, palmitic, oleic and mirystic acids).
It was found that saturated and unsaturated anionic phospho-
lipids (DSPS; DOPS; DSPA; DOPS; TMCL; TOCL) can bind to thecytochrome c almost to the same extent. On the other hand, satu-
rated phospholipids affect cytochrome c active site (and peroxidase
activity) several-fold weaker than unsaturated. The data presented
correlates with that published by Kapralov et al. [4] proving the
maximal effectiveness of TOCL and DOPA in destabilization of cyto-
chrome c tertiary structure and stimulation its peroxidase activity.
Presented results clearly evidence that enhancement of cyto-
chrome c peroxidase activity is a complicated process, involving
phospholipid binding, based on the electrostatic and hydrophobic
interactions and chemical reactivity of the lipids.Acknowledgement
This study was made possible due to the ﬁnancial support of the
Russian Foundation for Basic Research, Grants Nos. 06-04-49296
and 05-04-49765.
References
[1] Kagan, V.E., Borisenko, G.G., Tyurina, Y.Y., Tyurin, V.A., Jiang, J., Potapovich, A.I.,
Kini, V., Amoscato, A.A. and Fujii, Y. (2004) Oxidative lipidomics of apoptosis:
redox catalytic interactions of cytochrome c with cardiolipin and
phosphatidylserine. Free Radic. Biol. Med. 37, 1963–1985.
[2] Kagan, V.E., Tyurin, V.A., Jiang, J., Tyurina, Y.Y., Ritov, V.B., Amoscato, A.A.,
Osipov, A.N., Belikova, N.A., Kapralov, A.A., Kini, V., Vlasova II, Zhao, Q., Zou, M.,
Di, P., Svistunenko, D.A., Kurnikov, I.V. and Borisenko, G.G. (2005) Cytochrome
c acts as a cardiolipin oxygenase required for release of proapoptotic factors.
Nat. Chem. Biol. 1, 223–232.
[3] de Jongh, H.H. and de Kruijff, B. (1990) The conformational changes of
apocytochrome c upon binding to phospholipid vesicles and micelles of
phospholipid based detergents: a circular dichroism study. Biochim. Biophys.
Acta 1029, 105–112.
[4] Kapralov, A.A., Kurnikov, I.V., Vlasova II, Belikova, N.A., Tyurin, V.A., Basova,
L.V., Zhao, Q., Tyurina, Y.Y., Jiang, J., Bayir, H., Vladimirov, Y.A. and Kagan, V.E.
(2007) The hierarchy of structural transitions induced in cytochrome c by
anionic phospholipids determines its peroxidase activation and selective
peroxidation during apoptosis in cells. Biochemistry.
[5] Vladimirov, Y.A., Proskurnina, E.V., Izmailov, D.Y., Novikov, A.A., Brusnichkin,
A.V., Osipov, A.N. and Kagan, V.E. (2006) Cardiolipin activates cytochrome c
peroxidase activity since it facilitates H(2)O(2) access to heme. Biochemistry
(Mosc) 71, 998–1005.
[6] Vladimirov, Y.A., Proskurnina, E.V., Izmailov, D.Y., Novikov, A.A., Brusnichkin,
A.V., Osipov, A.N. and Kagan, V.E. (2006) Mechanism of activation of
cytochrome c peroxidase activity by cardiolipin. Biochemistry (Mosc) 71,
989–997.
[7] Belikova, N.A., Vladimirov, Y.A., Osipov, A.N., Kapralov, A.A., Tyurin, V.A.,
Potapovich, M.V., Basova, L.V., Peterson, J., Kurnikov, I.V. and Kagan, V.E. (2006)
Peroxidase activity and structural transitions of cytochrome c bound to
cardiolipin-containing membranes. Biochemistry 45, 4998–5009.
[8] Nakajima, H., Kiyokawa, N., Katagiri, Y.U., Taguchi, T., Suzuki, T., Sekino, T.,
Mimori, K., Ebata, T., Saito, M., Nakao, H., Takeda, T. and Fujimoto, J. (2001)
Kinetic analysis of binding between shiga toxin and receptor glycolipid Gb3Cer
by surface plasmon resonance. J. Biol. Chem. 276, 42915–42922.
[9] Salamon, Z., Wang, Y., Soulages, J.L., Brown, M.F. and Tollin, G. (1996) Surface
plasmon resonance spectroscopy studies of membrane proteins: transducin
binding and activation by rhodopsin monitored in thin membrane ﬁlms.
Biophys. J. 71, 283–294.
[10] Salamon, Z., Wang, Y., Tollin, G. and Macleod, H.A. (1994) Assembly and
molecular organization of self-assembled lipid bilayers on solid substrates
monitored by surface plasmon resonance spectroscopy. Biochim. Biophys.
Acta 1195, 267–275.
[11] MacDonald, R.C., MacDonald, R.I., Menco, B.P.M., Takeshita, K., Subbarao, N.K.
and Hu, L. (1991) Small-volume extrusion apparatus for preparation of large,
unilamellar vesicles. BBA 1061, 297–303.
